ABSTRACT The lipophilic dicarboxylic acid-dicarboxamide macrocycle 1 is an efficient carrier for calcium and potassium transport through a liquid membrane. The process involves competitive Ca2'/K' symport coupled to proton antiport in a pH gradient. It presents a very pronounced phenomenon of pH regulation of transport selectivity from preferential K+ transport to preferential Ca2' transport as the pH increases from 2 to 9 in the starting aqueous phase containing the metal ions. The results demonstrate how carrier design allows control of the rate and selectivity of divalent/monovalent M2+/M+ cation transport.
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Like molecular recognition and catalysis, the design of synthetic carrier molecules and of artificial transport processes represents a major area of research into the functional features of supramolecular systems (1, 2) . Because they may, in principle, be modified at will, synthetic carriers offer the possibility to monitor the transport mechanism via the structure of the ligand and to analyze the effect of various structural units on the thermodynamic and kinetic parameters that determine transport rates and selectivities.
The regulation of the ionic composition of cell rests on selective ion transport processes coupled to proton flow and to ATP-driven pumps (3) (4) (5) . The active recent research on receptor molecules for inorganic (especially alkali and alkaline-earth) as well as organic cations gave rise to investigations on the ability of such substances to also act as membrane carrier agents. Thus, cation transport by natural as well as by synthetic macrocyclic ionophores has been extensively studied (refs. 1, 2, 6-11; also references included in ref. 9) .
Furthermore, systems may be set up that allow coupling cation transport to proton or redox pumps (see refs. 1 and 2 and references therein). Proton/monovalent cation antiport in a pH gradient has been realized with either natural or synthetic ionophores containing an ionizable carboxylic group (12) (13) (14) (15) (16) (17) (18) (19) .
A particularly interesting problem in carrier design is to achieve control over the divalent/monovalent M2+/M+ cation transport selectivity. Because M + ions have much higher hydration energy than M+ ions, they are much more reluctant to enter into the membrane phase. Transport of Ca2' deserves special attention in view of the very important biological role of this cation (20) . Noncyclic (6, 7, (21) (22) (23) (24) (25) (26) and cyclopeptide (27) carboxylic ionophores have been found to carry calcium cations. We now report a system that displays (i) efficient transport of either calcium or potassium cations; (ii) coupling of cation transport to proton antiport; and (iii) pH regulation of Ca2+/K+ transport selectivity. Our (28) . The other isomer of 1 displays transport properties qualitatively analogous to those described here.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Transport Experiments and Analytical Methods. The transport cell used was described earlier (10, 11) . It contained the following three phases: (i) in, aqueous solution (40 ml) of 0.1 M CaCl2/0. 1 M KCI/KOH/50 mM appropriate buffer adjusted to the pH indicated (see Table 1 ) by addition of KOH; (ii) membrane, 1 mM carrier molecule 1 in 10 ml of 1-hexanol/chloroform, 1:9 (vol/vol); (iii) out, 0.1 M aqueous HCl (40 ml). The cell was thermostated at 250C ± 0.50C and the three layers were mechanically stirred at =300 rpm. The transport rates were determined by measuring the concentration of Ca2+ and K+ in the out phase. About 10 aliquots (0.2 or 0.4 ml) were sampled over 30 hr and, after proper dilution with 10 mM aqueous CsNO3, were analyzed for Ca2+ (atomic absorption) and K+ (flame emission). The plots of increasing cation concentration versus time were linear and the slopes were calculated by a least squares fit. Such linear plots are expected as long as the cation concentrations are essentially constant in the in phase-i.e., the rates obtained are initial rates (zero-order process). The rates were reproducible to ±10%.
RESULTS AND DISCUSSION
The lipophilic macrocycle 1 was used as carrier for transporting Ca2" and K+ cations through an organic liquid membrane from an aqueous in phase maintained at a given pH by an appropriate a pH gradient via the (CO2-)2 and (CO2-, CO2H) states of the carrier, respectively.
(vi) The mechanism represented in Fig. 2 may be proposed on the basis of the results obtained. It involves competitive Ca2+/ K+ symport by the common carrier 1 in two different states of ionization, coupled to proton antiport through the nonionized form of 1.
The scheme presented here is the qualitatively simplest one, but the simulation of the variation of the selectivity with pH requires more detailed kinetic analysis and knowledge of the exact nature and amount of the various species present in the membrane. For instance, the formation of associated carrier species cannot be excluded. The pH dependence of the K+ and Ca2+ transport rates (Fig. 1) has the aspect of titration curves of an ionizable group with an apparent pK. of about 5.5. This agrees with the mechanism proposed for the pH effect and would correspond to the interfacial ionization equilibrium of a carboxylic function of carrier 1. Of course, formation of the [(C02-)2, 2K+] complex of 1 may also contribute to some extent to K+ transport. Furthermore, as the pH of in decreases, the fraction of the "transport-silent" (CO2H)2 form of 1 in the membrane is expected to increase; this may be related to the fact that the total metal cation charge (2Ca2+ + K+) carried from in to out decreases with pH from 16.7 at pH = 8.6 to 6.7 at pH = 2.0 (Table 1) .
(vii) The present results provide a mechanism for the regulation of cation transport rate and selectivity by coupling to proton flows and may be of relevance to biological transport processes (3) (4) (5) . Carriers like 1 should also be capable of Na+ or K+/Ca2+ antiport between a neutral or basic Ca2+ phase and an acidic Na+ or K+ phase, a model of biological Na-Ca countertransport (refs. 29 and 30 ; also references included in ref. 30) . Cyclic changes of membrane permeability to Na+, K+, and Ca2+ control the heartbeat (31) and Na+-Ca2+ exchange occurs in nerve membranes (32) . In view of the effects induced by natural calcium ionophores on various biological processes (secretion, cell division, cell fusion, morphogenesis, etc.), synthetic calcium carriers provide new means of investigation. Extension to transport of other biologically important cations, like Zn2+, for instance, or, conversely, selective removal of toxic cations (e.g., Cd2+, Pb2+) may also be considered.
In conclusion, the macrocyclic carrier molecule 1 clearly illustrates how carrier design may allow the set up of coupled transport processes, to gain insight into their mechanism, to achieve control over efficiency and substrate selectivity, to devise models of biological transport processes, and to envisage various applications in separation science.
